The structure and Mg 2+ binding properties of a conserved 75mer RNA motif of the internal ribosome entry site (IRES) element of encephalomyocarditis virus picornavirus have been investigated by 1 H-NMR and UV melting experiments. The assignment of the imino proton resonances with characteristic chemical shift dispersion for canonical and non-canonical base pairs confirmed the predicted secondary structure of the 75mer and its fragments. Addition of Mg 2+ resulted in a dramatic increase in apparent melting temperature, with the 75mer RNA registering the biggest increase, from 63 to 80 C, thus providing evidence for enhanced stability arising from Mg 2+ binding. Similarly, addition of Mg 2+ induced selective changes to the chemical shifts of the imino protons of a GCGA tetraloop in the 75mer, that is essential for IRES activity, thereby highlighting a possible structural role for Mg 2+ in the folding of the 75mer. Significantly, the same protons show retarded exchange to water solvent, even at elevated temperature, which suggest that Mg 2+ induces a conformational rearrangement of the 75mer. Thus, we propose that Mg 2+ serves two important roles: (i) enhancing thermodynamic stability of the 75mer RNA (and its submotifs) via nonspecific interactions with the phosphate backbone and (ii) promoting the folding of the 75mer RNA by binding to the GCGA tetraloop.
INTRODUCTION
Translation initiation in eukaryotes is a complex process (1) and on the vast majority of eukaryotic cell mRNAs, the initiation of protein synthesis is achieved following the recognition of the 5 0 terminal cap-structure (m7GpppN..) of mRNAs by the cap-binding complex eIF4F (2) . This translation initiation factor is a heterotrimer consisting of eIF4E (which binds to the cap), eIF4A (which has RNA helicase activity) and eIF4G (a scaffold protein). The eIF4F complex acts as a bridge between the mRNA and the small ribosomal subunit. The eIF4G subunit has binding sites for a number of proteins, as well as eIF4E and eIF4A (two independent sites); these include eIF3 (associated with the 40S ribosomal subunit), poly(A) binding protein and Mnk-1 (an eIF4E-kinase).
Picornavirus RNAs function like mRNAs within mammalian cells, but are uncapped and the initiation of translation on picornavirus RNA occurs up to 1300 nt away from the 5 0 terminus (3, 4) . This process is directed by an internal ribosome entry site (IRES) (5, 6) . The picornavirus IRES elements are generally $450 nt in length. Two major classes of picornavirus IRES elements have been defined (7, 8) ; the entero-/ rhinovirus IRES elements constitute one class while the cardio-/aphthovirus IRESs [including the encephalomyocarditis virus (EMCV) (9) and foot-and-mouth disease virus (FMDV) (10) elements] make up a second class of elements. The cardio-/aphthovirus IRES elements function efficiently in the rabbit reticulocyte lysate cell-free translation system. In contrast, the entero-/rhinovirus IRES elements function rather poorly in this system, unless they are supplemented with HeLa cell proteins. Both classes of elements function well within certain mammalian cell lines. All picornavirus IRES elements contain extensive secondary structure (11) , but these predicted structures are completely different between the two classes of IRES element, and there is no significant sequence similarity between them (12) . This observation raises the important question of just exactly how each of the picornaviridae viruses direct internal ribosomal entry when their IRES elements show no sequence similarity (5, 6) . The answer to this question most probably is that the specific secondary and/ or tertiary structures of the IRES element (which are not sequence dependent) are more important than the primary structure for initiating translation. The EMCV IRES is perhaps the best characterized picornavirus IRES (13) (14) (15) (16) . It consists of multiple domains (labelled H to L) (13, 15) . Certain regions within the EMCV IRES are highly conserved and have stable predicted secondary structures. These include a complex 'hammerhead' type structure at the apex of the I-domain (13, 15) , and also the J-K domains which bind the initiation factors eIF4G and eIF4A (16) . The hammerhead region includes a four-way junction and three short stem-loop elements. At the apex of one of the stem-loops is a GNRA tetraloop motif (13, 15) , which is an essential feature of the IRES (14) . Modification of the GCGA sequence to GCGC completely inactivated the IRES (17) ; indeed selection from a pool of up to 256 variants of this tetraloop indicated that only sequences that fitted a RNRA consensus displayed high-IRES activity (14) . However, the molecular basis for this critical role in IRES function is not known and no proteins are known to interact with this hammerhead region (15, 16) . The effect of mutation on IRES function may then be attributed, at least in part, to disrupting the three-dimensional (3D) structural integrity and considerable stability conferred by this motif, including its dependence on Mg 2+ ions, and hence warrants a structural investigation. The determination of the structure of the whole EMCV IRES (434 nt) is beyond the reach of NMR methods at present; however, studies on the hepatitis C virus IRES have shown the utility of determining the structures of specific domains from within the whole structure (18, 19) . Thus, we have selected a highly conserved 75mer motif containing the GNRA tetraloop (Figure 1 ) that is critical for the activity within the EMCV IRES for NMR structural investigation. Furthermore, we have probed the role of Mg 2+ in the folding of the RNA by monitoring changes to the imino proton resonances of the RNA.
MATERIALS AND METHODS

Chemical and enzymatic synthesis of RNA
The 16mer RNA (Figure 1 ) was synthesized chemically (Dharmacon) and used without further purification. DNAs coding the 38mer and 75mer fragments ( Figure 1 ) were cloned into a plasmid for in vitro run-off transcription of each RNA (with a 3 0 -self cleaving ribozyme) and were used to prepare RNAs as described previously (20) . The purity of each RNA was confirmed by denaturing PAGE which showed a single band corresponding to RNA of the expected length (data not shown). Transcription and purification of the 38mer and 75mer RNAs were performed on a scale such as to enable the measurement of the 1D proton NMR spectra of each RNA and to independently verify their purity. The RNA samples were annealed by heating to 80 C for 3 min and slowly cooling them to 4 C.
Empirical free energy calculation
The empirical free energy calculation (21) of the 16mer, 38mer and 75mer RNA motifs of EMCV IRES element Figure 1 . Schematic diagram showing the colour-coded nucleotide sequence and predicted 'hammerhead' type secondary structure of the single-stranded 75mer RNA motif, spanning residues 5 0 -G522 to C596-3 0 , of the IRES element of EMCV RNA. The secondary structure depicted is based on the nomenclature proposed previously (46) . The intact 75mer motif is endowed with several smaller secondary structural elements such as Watson-Crick base pair helical stems, hairpin loops, internal loop (mismatch base pair between C531 and U559), internal cytosine-rich, heptanucleotide bulge (A534-C540) and the four-way junction. The four residues spanning G547-A550 are predicted to form the well-known GNRA tetraloop motif (33, 34) and have been previously demonstrated to be important for activity (14) . Similarly, mutation of C!A544 causes severe reduction in activity (13) . The scheme also shows a normal base pair g522-c596 (in small letters) added to the beginning of the sequence to increase the transcription promoter efficiency. The single-stranded 16mer (C541 to G556) and 38mer (G526 to C563) RNA submotifs, derived from the intact 75mer RNA motif, also used for NMR and other investigation are shown in separate inner boxes. The inset shows an outline of the secondary structure of the various domains within the intact IRES of EMCV, including the above cited 75mer motif as part of the domain I.
( Figure 1 ) was carried out using the Mfold program (22) available on the web server (http://www.bioinfo.rpi.edu/ applications/mfold).
Unconstrained molecular modelling and molecular dynamics simulation
The starting structures for the 16mer and 38mer stem-loop models were constructed from the A-form double-helical stems using the Nucleic Acid Database within HyperChem with default atom types. The modelled structures were geometry optimized using the Polak-Ribiere conjugate gradient algorithm. Molecular dynamics simulation of the aqueous construct was carried out for up to 100 ps characterizing the converged 10 ps structures observed throughout the simulation by geometry and energetic analysis (23) (24) (25) .
UV absorbance melting (T m ) experiments
UV melting curves were collected on a Cary 400 UV/Vis spectrophotometer running in dual beam mode, and with a heating rate of 1.0 C/min (alternative heating rates, e.g. 0.5 C/min, or cooling rather than heating, gave essentially identical curves). Samples contained $25 mg of RNA in buffer containing 10 mM MOPS, pH 6.8 and 50 mM NaCl. Melting curves were also collected in the same buffer but with additional 2 mM MgCl 2 . Up to five curves were collected at one time (measuring absorbance at both 260 and 280 nm), with the sixth position used for a temperature probe immersed in the buffer. The melting curves were converted into plots of the first derivative ('melting profiles') using the program 'ODderiv', and deconvolutions of these melting profiles into sequential unfolding transitions were performed using 'Global Melt Fit' (http://www.jhu.edu/~chem/draper) (26, 27) .
NMR spectroscopy
One-and two-dimensional proton NMR experiments (TOCSY and NOESY) (28, 29) were carried out using a Varian unity 500 spectrometer, equipped with a triple resonance inverse geometry gradient probe and electronic variable temperature unit. To afford higher sensitivity, selected 2D experiments were also carried out using Bruker 600 MHz, equipped with a modern cryoprobe, and Varian 800 MHz NMR spectrometers. The spectra were acquired using Vnmr 6.1C software hosted by a Sun UNIX workstation (Varian) and XWINNMR software (Bruker) interfaced to the spectrometers, and the manufacturer supplied pulse programs with modifications where necessary. The spectral width was set to 22 p.p.m. for experiments in 1 H 2 O and the transmitter/carrier was positioned on the water signal to minimize any artefacts. The large resonance due to the water protons was suppressed by the WATERGATE pulse sequence (30) . Typically, 32-64 scans were averaged for each FID before apodization and then performing the Fourier transformation.
1 H chemical shifts are reported with respect to dilute concentration of internal dioxane (0.01%, v/v) used as an internal reference standard.
Most of the 1D and 2D NMR data were initially processed using Varian Vnmr 6.1C software or Bruker XWINNMR software. For display and analysis purposes, the data were later reprocessed using MestRe-C 3. 
RESULTS
Empirical free energy of EMCV IRES RNA motifs
In order to assess and compare the overall thermodynamic stability of the 16mer, 38mer and 75mer RNAs, the free energy of folding (21) (DG, kcal mol À1 ) of each RNA was calculated using the empirical free energy prediction protocol provided within the Mfold program (22) . The predicted free energy of folding for wild-type and mutant tetraloop analogues of all three RNAs are summarized in Table 1 .
Inspection of Table 1 shows that the consensus 16mer RNA stem-loop consisting of the GCGA tetra loop ( Figure 1 ) has a low free energy (À9.7 kcal mol À1 , column 2) and hence is predicted to be endowed with good stability. The corresponding data for the wild-type 38mer RNA motif shows that, despite an internal 7 nt asymmetrical bulge and a single C-U mismatch (Figure 1 ), the predicted net free energy (À14.0 kcal mol À1 , column 3) is still lower than the free energy of the 16mer within it. The predicted free energy of folding for the wild-type 75mer motif (Figure 1 ), however, shows the lowest free energy (À29.1 kcal mol À1 , column 4), as compared to those of 16mer and 38mer submotifs, which suggests a large contribution of the secondary structure of the four-way junction ( Figure 1 ) to the enhanced stability of this intact motif. Table 1 also shows that nucleotide variation of the consensus GCGA tetraloop at the fourth position (A) to any other nucleotide (G, U or C) is accompanied by a net increase in the free energy of the corresponding mutant analogue of all three RNAs, thus lowering their overall stability. This highlights a critical structural role for the fourth nucleotide of the GCGA tetraloop within the tertiary structure of the RNAs.
To allow a comparison of the thermodynamic stability of the 75mer EMCV IRES RNA with other RNAs of similar size and disposed with a range of secondary structural elements, the The calculated free energy of mutant RNAs, carrying single nucleotide mutation at the fourth nucleotide position (in boldface) of GCGA tetraloop of each RNA is shown. Also tabulated is the DG of the single-stranded 76mer tRNA phe , whose 3D has been determined before using X-ray crystallography (31) and hence is chosen as a reference for the empirical calculation (22) . empirical free energy of tRNA phe (76mer) (31) was calculated, and the predicted value (À20.5 kcal mol À1 ) is shown separately at the bottom of Table 1 . The data show that the singlestranded 75mer EMCV RNA is predicted to be considerably more stable than the single-stranded 76mer cloverleaf motif of tRNA phe whose 3D X-ray structure has already been determined (31) . This suggests that the proposed structure (Figure 1) is extremely likely to be that undertaken by this sequence of nucleotides in the EMCV picornavirus.
Unconstrained molecular modelling and molecular dynamics simulation of EMCV IRES RNA motifs
We have carried out molecular dynamics simulation of 16mer and 38mer RNAs and analysis of the output parameters in terms of potential energy of base stacking and base pairing, and puckering of sugar along the backbone for both RNA motifs (32) . The overlay of the different molecular dynamics simulations (up to 100 ps) showed good agreement with greater deviation at the bulge, the tetraloop and the free ends of the stem region. This implied a dynamic process of constant reorganization in the bulge and tetraloop regions. The sugar pucker alteration in the second nucleotide is like that observed before by Heus and Pardi (33, 34) . The stacking also behaved in the expected manner with the CGA bases of the GCGA tetraloop stacked on top of the 3 0 -strand while G alone was stacked on the 5 0 -strand. This change in direction of the hairpin between nucleotides 1 and 2 is characteristic for GNRA tetraloops. The first and fourth bases in the tetraloop formed an unusual G-A base pair (35) .
UV absorbance melting studies of EMCV IRES RNA motifs and the effect of Mg
2+
Melting profiles (see Materials and Methods) for each RNA in the absence or in the presence of 2 mM Mg 2+ are shown in Figure 2 . In the absence of Mg 2+ , the 16mer hairpin unfolds in a single transition with a T m of 72 C. As expected, the 38mer and 75mer RNA profiles are more complex, with apparent transitions at T m 's of 46 and 66 C, and 49 C (a broad 'shoulder') and 63 C, respectively. The stability of all three RNAs is dramatically enhanced by the addition of Mg 2+ to the melting buffer ( Table 2 ). The Mfold program was used to compute T m and other thermodynamic parameters for each RNA; these values (data not shown) were consistently higher than the experimental apparent values from the melting profiles. However, we note that the order of stability, i.e. the decrease in the highest apparent T m with increasing RNA size/complexity, was reproduced. The unfolding pathways of RNAs with a number of secondary (and possibly tertiary) structural elements may be complex, and may consist of a number of sequential transitions (i.e. where there is an obligatory order to the unfolding of these elements). The program 'Global Melt Fit' was used to fit sequential two-state transitions to each melting profile (simultaneously fitting 260 and 280 nm profiles), with one, two and three transitions used for the 16mer, 38mer and 75mer, respectively. Each profile is fit with values for DH, absorbance and T m (data not shown). The fitted values for both T m and DH were both substantially lower than that calculated by Mfold (see Discussion). Despite this, however, the melting profiles indicate that each RNA is stable and well folded under conditions suitable for NMR structural analysis.
Sequence-specific NMR resonance assignment of EMCV IRES RNA motifs
The 1D proton NMR spectra of 16mer, 38mer and 75mer RNA samples were measured in 1 H 2 O which showed resonances, with good intensity characteristic of well-folded A-form RNA, The T m values reported for the first and second transitions of each RNA are based on the melting profiles shown in Figure 2 .
such as the low-field imino protons arising from stacked base pairs of helical stems. There were very few resonances high field of 3.5 p.p.m. (data not shown). Owing to its larger molecular size, the spectrum of the 75mer ($24 kDa) showed increased line widths and greater resonance overlap, in contrast to the resolved and narrower resonances observed in the spectra of the 16mer ($5 kDa) and 38mer ($12 kDa) RNAs.
Comparison of the spectra of the three RNAs showed similar chemical shifts of some of the resonances, hinting at the possibility of conserved tertiary structural interactions among them. The NOESY spectra of all the three RNA samples were measured, without and with three equivalents of Mg 2+ , and the sequence-specific assignment (36) of the observed imino proton resonances was carried out separately for each RNA and its Mg 2+ complex. Owing to a slightly better quality of the Mg 2+ bound RNA spectra in general, the results of sequence-specific assignment are described below for each RNA when it is in complex with Mg 2+ , but they are equally applicable to free RNA. Figure 3 shows the NOESY spectrum of 16mer RNA-Mg 2+ complex, where sequential connectivities have been traced for imino protons in close proximity of nucleotides adjacent to each other in the sequence of the stem-loop (bottom panel). A striking feature of the spectrum is the identification of the high-field shifted and well-resolved unpaired imino protons of G547/G549 nucleotides of the GCGA tetraloop, which provided a reliable starting point for tracing the sequential connectivity of the lower stem region (Figure 1 ). All of the cross peaks have been unambiguously identified and their connectivities were assigned to sequence-specific nucleotides of the stem-loop (Figure 1 ). Despite the fraying of the G556-C541 terminal base pair [a common occurrence (36) ], resulting in rapid exchange of G556 imino proton with protons of solvent 1 H 2 O, a distinct NOE cross peak due to U555-G556 correlation can be observed. This confirms both the general stability of the RNA and the high sensitivity afforded by the cryoprobe used to detect weak cross peaks. The successful assignment of the G and U imino protons of the 16mer RNA enabled the identification and assignment of the exocyclic amino and non-exchangeable H2 protons of canonical base pairing C and A, respectively, via NOE correlations ( Figure 3, upper panel) . Thus, a number of cross peaks observed due to G imino and C amino protons in close proximity, and similarly between U imino and A (H2) protons, have been labelled with their specific assignments (upper panel). The connectivity traced across the bottom and upper panels due to the coupling between base paired G546 imino and C551 amino protons, and similarly between unpaired G547/G549 imino and C551 amino protons is especially significant from the point of both confirmation of assignment and structure of the GCGA tetraloop.
The NOESY spectrum of 38mer RNA-Mg 2+ complex was analysed similarly to carry out its sequence-specific resonance assignment (Supplementary Material 1) . Many of the cross peaks due to protons in close proximity as identified in the NOESY spectrum of the 16mer (Figure 3) are conserved in the spectrum of the 38mer, including the unpaired imino protons G547/G549 of the tetraloop, with minor differences in chemical shifts, which suggest that the conformation of the 16mer stem-loop motif is not changed significantly as an integral part of the larger 38mer motif (Figure 1 ). Owing to low sensitivity of the sample (0.28 mM) and increased resonance line widths, the 2D NOESY spectrum of the 75mer RNA-Mg 2+ complex did not exhibit enough cross peaks for tracing NOE connectivities to render full sequential assignment (Supplementary Material 2). However, the corresponding 1D proton spectra of free and Mg 2+ bound RNA (described in the next section, Figure 4 ) showed many resolved imino proton resonances and they could be identified from the prior assignment of 16mer and 38mer RNAs noted above. 2 , and non-exchangeable aromatic H5 and H2 protons of various cytosine, uracil and adenine residues based on observed NOE cross peaks arising from cross relaxation by neighbouring imino protons. Thus, the NOE connectivities shown by the imino protons of G547/G549 and G546 to the exocyclic amino (NH 2 ) and aromatic (H5) protons of C551 have been traced with vertical lines across both bottom and upper panels.
The chemical shifts of the assigned imino protons of 16mer, 38mer and 75mer RNAs, without and with Mg 2+ , are listed in Table 3 .
NMR spectra of the effect of Mg 2+ on EMCV RNA motifs
The effect of Mg 2+ on 16mer, 38mer and 75mer RNA motifs was monitored by measuring the 1D proton NMR spectra of each RNA before and after the addition of three equivalents of 
.). These results indicate that Mg
2+ has a greater and selective affinity for the GCGA tetraloop and may be involved in nonspecific electrostatic interactions with the negatively charged phosphate backbone.
As well as the chemical shift changes noted above (Figure 4 ), the addition of Mg 2+ to the 75mer RNA was also accompanied by an increase in line widths to the assigned imino proton resonances of both base-paired stem and unpaired loop nucleotides of the RNA (bottom and middle traces, Figure 4c ). In contrast, there were no such changes to the line widths of 16mer and 38mer RNAs after the addition of Mg 2+ (bottom and middle traces, Figure 4a and b) . This indicates that Mg 2+ induces a conformational rearrangement of the 75mer, in addition to the electrostatic interaction with the GCGA tetraloop within the ion complex.
The effect of Mg 2+ on the stability of RNAs was probed by measuring the spectra of each complex at an elevated temperature of 313 K (upper trace, Figure 4a -c). At this higher temperature, the intensities of resonances due to exchange labile imino protons of 16mer and 38mer were sharply attenuated, with the unpaired loop nucleotides G547/G549 (10.52 p.p.m.) and base paired U555, U545 and U561 disappearing almost completely (upper traces, Figure 4a and b). This shows that Mg 2+ does not retard the rate of exchange of these labile imino protons of 16mer and 38mer RNAs with those of bulk water solvent. Upon lowering the temperature back to 275 K, the same labile imino proton resonances were recovered and restored to their original intensities for both the RNAs (data not shown). The effect of Mg 2+ on the stability of 75mer RNA at the elevated temperature of 313 K was, however, different in many respects. The imino proton resonance line widths showed a uniform increase, due to the shorter correlation time of the molecule accompanied by a reduction in the intensity of base paired U555 and U545 protons (middle and upper traces, Figure 4c ). The unpaired imino protons of the assigned nucleotides G547/G549 within the GCGA tetraloop showed a dramatic retardation of solvent exchange even at 313 K (upper trace, Figure 4c ). In contrast, no retardation was noted above for the same protons of the tetraloop, when they are part of the 16mer and 38mer RNAs (upper traces, Figure 4a and b). This suggests that Mg 2+ may play a distinct role in the structure of the 75mer in addition to stabilizing electrostatic interactions with the phosphate backbone of the GCGA tetraloop (37) (38) (39) (40) .
The results of the effect of Mg 2+ binding and increase in temperature on the imino proton resonances are shown schematically in the form of a histogram, taking the stem-loop secondary structure of the 16mer RNA as an example ( Figure 5 ). The histogram clearly demonstrates that Mg 
The values reported are based on the 600 MHz NMR data ( Figure 3 ) and 500 MHz, 800 MHz NMR data (Supplementary Material). resonances (5.5-7.0 p.p.m.) have not been specifically assigned yet, distinct and sharp changes to these can be observed from 50 C upwards with disappearance of selected few resonances and narrowing of some others. As a number of these resonances can be reliably identified with H5 protons of cytosine residues based on chemical shifts, we speculate that the observed changes may correspond to the unfolding of Crich, heptanucleotide bulge (the second melting transition at lower T m , Table 2 ).
DISCUSSION
The calculated empirical free energies of the 16mer, 38mer and 75mer RNAs of EMCV IRES indicate that the RNA motifs are endowed with a globally well-folded structures and thermodynamic stability. The data also compare favourably with the calculated free energy of the structurally well-characterized 76mer tRNA Phe clover leaf motif, used as a reference (31) . The critical role played by the conserved GCGA tetraloop of each RNA was probed by a single substitution of the fourth nucleotide A550 successively with G, U and C, and recalculating the empirical free energy for each of the resulting mutant RNAs. The results showed a uniform increase in the free energy of the RNA as a consequence of the mutation, thereby highlighting a possible structural role for the fourth nucleotide A of the GCGA tetraloop, in agreement with the previous biochemical studies on the same tetraloop (17) . The results also correlate with the recently published data on the IRES from foot-and-mouth disease, another picornavirus, which shares a similar secondary structural motif also consisting of a GNRA tetraloop, where mutation of the fourth nucleotide of the tetraloop loop (A to G) caused strong RNA re-organization affecting several distal nucleotides in the domain (41) .
The low-energy 3D structures, generated by unconstrained molecular dynamics simulation of the single-stranded 16mer and 38mer motifs, are consistent across the different secondary structural elements constituting the respective motifs, and thus validate their secondary structure prediction. This simulation also generated the cytosine-rich heptanucleotide bulge structure for the nucleotides spanning A534-C540 (Figure 1) , with noticeably high energy as expected. Overall, the results of simulation were mutually consistent for the 16mer and 38mer motifs, and aided the experimental NMR investigation. It may be noted that the molecular dynamics simulations were run only in the absence of Mg 2+ , and hence the role of the latter is not known (42) .
The experimental UV melting data show that, in the absence of Mg 2+ , the three RNAs have different maximum stabilities. The 16mer has a slightly higher T m (72 C) in comparison to the 38mer and 75mer RNAs, which have lower values (apparent T m 's of 66 and 63 C, respectively) despite the fact they incorporate this same 16mer motif. The Mfold program predicted substantially higher values than that were experimentally observed. Clearly, the presence of additional structural elements such as the cytosine-rich, heptanucleotide bulge in the 38mer and 75mer RNAs have an overall destabilizing effect on the RNA structure. After the addition of Mg 2+ , these differences were removed and all three RNAs melt with an experimental apparent T m of $80 C. The 75mer RNA thus showed the largest apparent T m increase of 17 C, demonstrating the increased dependence of the 75mer on Mg 2+ , or a greater effect of Mg 2+ on the 75mer to achieve a globally well-folded tertiary structure. Such a large increase in T m hints at the possibility of a specific role for Mg 2+ , in addition to non-specific interaction with the negatively charged backbone (38, 43, 44) .
The melting profiles of RNA molecules with complex structures, such as the 38mer and 75mer, are often complex (45) . Such RNAs are assumed to unfold in a number of transitions, though these may not necessarily correspond to specific structural features of each RNA. The melting of RNAs with tertiary structure is expected to be hierarchical, with tertiary structure unfolding preceding that of the secondary structural elements that comprise it (as it is in the case of tRNA, for example). The experimental melting profiles for the two larger RNA fragments do have additional apparent transitions at lower T m in addition to that discussed above. To gain better understanding of the unfolding of these RNAs, we used the Global Melt Fit (GMF) program to fit each melting profile to a number of sequential unfolding transitions. Ideally, the total enthalpy from these transitions should be close to the enthalpy for unfolding from nearest neighbour calculations, as calculated in Mfold. This was not the case here, as the enthalpies of fitted transitions were all substantially lower. A plausible explanation is that (i) too few transitions were included in the fit and/or (ii) it may be that these RNAs substantially deviate from the implicit assumption that each unfolds in a series of sequential transitions. In the absence of other data (beyond the reasonable scope of this investigation), such as from differential scanning calorimetry (DSC), it is not possible to reliably calculate enthalpies and free energies.
However, for the purposes of this study, we wished to gain some insight to the origin of these lower temperature transition(s) to correlate with the direct information on RNA structure available from the NMR data. The low-temperature transition for the 38mer and 75mer RNAs can be fit with a single two-state transition. What might this correspond to in the RNA domain? From separate UV-melt analysis of 16mer, 38mer and 75mer RNAs containing specifically modified nucleotides (5-fluoro uridine), we deduced that the lowtemperature apparent transition most likely corresponds to the C-rich heptanucleotide bulge (unpublished data). Although the detailed effects of the modification are unknown, only the lower temperature transition for these RNAs is unaffected by the modification; the 16mer melting profile and the higher T m apparent transitions for the other RNAs are all changed. The heptanucleotide bulge is the only region lacking a uridine residue (Figure 1) .
The 1D spectra of 16mer, 38mer and 75mer RNAs (without and with Mg 2+ ) show many resolved peaks with conserved chemical shifts among the three RNAs, for the low-field shifted, exchangeable imino proton resonances. This helped in carrying out the sequence-specific resonance assignment of the imino protons of 16mer and 38mer RNAs in their respective NOESY spectra. Owing to increased peak overlap and broader line widths, the NOESY spectrum of the 75mer produced only a smaller number of cross peaks and hence its assignment is incomplete and tentative in some cases. However, the important sequential connectivity, due to NOE between stacked imino protons of nucleotides G547/G549 within the tetraloop, and G546, allowed their unambiguous assignment. The successful assignment of the 16mer, 38mer and 75mer RNAs simultaneously confirmed the secondary structural elements endowed on them, especially the GCGA tetraloop.
The effect of Mg 2+ on the spectra of the RNA motifs is significant with selective changes induced to the chemical shifts, line widths and intensities of the imino proton resonances. The imino protons of G547/G549 showed distinctly larger changes in comparison to the resonances of other nucleotides, thus indicating a greater effect of Mg 2+ binding to the GCGA tetraloop within the RNAs. The same imino protons of the tetraloop also showed, in the presence of Mg 2+ , the maximum retardation to exchange with protons of solvent water for the 75mer, vis-a a-vis a complete loss in intensity for the 16mer and only a slight retardation for the 38mer. The protection against solvent water exchange conferred using Mg 2+ on the imino protons of GCGA tetraloop of the 75mer suggests a conformational change caused by the metal ion, in order to achieve greater thermodynamic stability for the otherwise labile tetraloop. These NMR results allow us to speculate that Mg 2+ ions serve two major roles: (i) involvement in chelation to the GCGA tetraloop and serving as an anchor to promote the folding of the 75mer RNA and (ii) enhancing thermodynamic stability of the 75mer RNA via non-specific interactions with the phosphate backbone. These results are also consistent with the UV melting and molecular dynamics simulation data discussed above, and support the published biochemical data.
In summary, we have provided the first NMR experimental evidence for the folding and stability of a functionally important RNA motif of the EMCV IRES element. We have further demonstrated that Mg 2+ plays a major role in the tertiary structure organization of the motif, including the critical GCGA tetraloop.
